We study the chiral dynamics of vector mesons in two-flavor QCD in vacuum by utilizing a functional renormalization group approach. This allows us to capture the dynamical transition from the quark-gluon phase at high energies to the hadronic phase at low energies without the necessity of model parameter tuning. We use this to analyze the scaling of vector meson masses towards the chiral symmetry breaking scale, the decoupling of the mesons at high energies and the validity of vector meson dominance.
I. INTRODUCTION
The phase structure of Quantum Chromodynamics (QCD) is the subject of very active experimental and theoretical research. A crucial question is how to detect the formation of the quark-gluon plasma in heavy-ion collisions at ultrarelativistic energies. Vector mesons play a very important role in this context because they provide promising evidence for both deconfinement and chiral symmetry restoration. While the suppression of heavy quarkonium could be a signature of deconfinement [1] , in-medium modifications of light vector mesons may signal chiral symmetry restoration [2] . The latter manifest themselves in low-mass dilepton data from heavy-ion collisions [3] [4] [5] . Dileptons escape the fireball essentially without interaction and couple directly to light vector mesons such as the ρ. Thus, dilepton spectra show prominent vector meson peaks which allow for the investigation of in-medium modifications of these mesons [6] . A connection between the modifications of vector mesons and chiral symmetry restoration in a hot and/or dense medium can be established e.g. by considering the scaling of the ρ mass with temperature [7] [8] [9] or the melting of the ρ resonance [10, 11] . This connection is based on the fact that chiral symmetry restoration implies the degeneration of chiral partners such as ρ and a 1 . A thorough understanding of the dynamics of these mesons in QCD is therefore essential for a complete picture of the QCD phase structure.
In this work we present first results on the properties of the chiral partners ρ and a 1 as they emerge from quarkgluon fluctuations at high energies. To this end, we study dynamical QCD based on [12] . It utilizes the functional renormalization group (FRG) approach to QCD [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] , extended by dynamical hadronization [15, [23] [24] [25] . This way, the properties of the hadrons are determined by the underlying dynamics of microscopic QCD and we can conveniently describe the transition from quarks and gluons to hadrons non-perturbatively without suffering from a fine-tuning of model parameters.
We concentrate on two-flavor QCD at vanishing temperature and density in Euclidean spacetime and develop a scale * E-mail: f.rennecke@thphys.uni-heidelberg.de dependent effective action that captures the relevant dynamics in both, the quark-gluon phase and the hadron phase, on a qualitative level. Furthermore, we extend the dynamical hadronization technique to include vector mesons. The present analysis will serve as an starting point for qualitative and quantitative in-medium studies of vector mesons. It has been demonstrated in [26] for QCD in the quenched limit, that quantitative precision is indeed feasible with the FRG approach to QCD.
Even though we work in the vacuum, the renormalization group (RG) scale dependence of parameters such as the masses reflects their finite temperature behavior. In particular, there is a critical scale k χ which separates the phases with broken and restored chiral symmetry. This allows us to study the behavior of hadronic parameters as they approach the scale of chiral symmetry restoration and clarify how mesons decouple from the physical spectrum at high energies. The scaling of the low-energy parameters is uniquely fixed from microscopic QCD. The reason is that the running of the hadronic parameters is governed by an infrared-attractive fixed point as long as the gauge coupling is small [24] . This guarantees that the memory of the initial conditions of the RG flows of these parameters, initiated at large, perturbatively accessible energy scales, is lost and the hadronic phase is uniquely determined within our truncation.
By exploiting this fact, we can analyze the validity of vector meson dominance (VMD) [27] . The idea of VMD is to promote the SU(2) L ×SU(2) R flavor symmetry to a gauge symmetry. This way, ρ and a 1 naturally appear as gauge bosons [28] . The main advantage is that VMD significantly reduces the number of different interactions involving vector mesons. The obvious conceptual shortcoming is that chiral symmetry is only a global symmetry in QCD. Furthermore, even though VMD has lead to accurate predictions in some cases at low energies [29] , it gives e.g. the wrong phenomenology of ρ and a 1 mesons [30] . We therefore keep chiral symmetry global and compare our results to the corresponding VMD predictions.
The paper is organized as follows: We motivate our ansatz for the quantum effective action used in this work in Sec. II. In Sec. III we first introduce the FRG and dynamical hadronization in the presence of vector mesons. We continue with a discussion of the implications of π−a 1 2 mixing within our approach. At the end of this section, an outline of our treatment of the gauge sector of QCD is given. Our results are presented in Sec. IV. After discussing the initial conditions of the RG flows of our model, we present our results on the meson and quark masses with particular emphasis on the scaling of the ρ mass towards the chiral symmetry breaking scale. Then, we show in more detail how the mesons disappear from the physical spectrum at large scales. Lastly, we discuss the validity of VMD. We end with a conclusion in Sec. V and provide some details about the RG flow equations in Sec. A.
II. THE SCALE DEPENDENT EFFECTIVE ACTION
We aim at describing the chiral dynamics of two-flavor QCD at vanishing temperature and density and in particular the vacuum behavior of the vector meson chiral partners ρ and a 1 . Furthermore, we want to capture the dynamics of QCD over a wide range of scales, taking into account both quark-gluon dynamics in the quark-gluon phase at large energies and hadron dynamics in the low-energy hadronic regime. Thus, we base the construction of the effective action we use in this work on well-established renormalization group arguments. The starting point of our construction is the microscopic gauge fixed action of QCD. Owing to the increasing strength of the strong coupling towards lower scales, effective four quark interactions are dynamically generated and become physically relevant. They drive the chiral phase transition, as poles in these quark-antiquark scattering channels signal the formation of bound states and the breaking of chiral symmetry.
The tensor structure of the four-quark interaction channels is directly related to the quantum numbers of the corresponding mesons that are formed in the respective scattering channel. Therefore, we need to include at least those interaction channels, that carry the quantum numbers of the mesons we are interested in. In the present case, these are the Lorentz-scalar-pseudoscalar iso-scalar-vecor and the Lorentz-vector-axialvector iso-vector-vector channels λ S,k and λ V,k . On the mesonic side, these channels correspond to the sigma and the pion, and the rho and the a 1 respectively.
The scalar-pseudoscalar channel is the dominant channel among all possible quark-antiquark scattering channels in vacuum. This has been explicitly checked by considering a complete basis of four-quark interactions [26] . This implies in particular, that the pions and the sigma mesons dominate the dynamics in the hadronic phase. In this work we demonstrate explicitly on the example of vector mesons, that there is an emergent scale hierarchy where only the lightest mesons, i.e. pions and sigma, can contribute to the dynamics of the system at low energies. Thus, the properties of the heavier meson states in Euclidean space are completely fixed by quark-gluon dynamics at large energies and pion-sigma dynamics at low energy scales.
To properly take into account the dynamics in the hadronic phase, we model this sector by an effective meson potential which in principle includes arbitrary orders of mesonic self-interactions. Furthermore, we consider momentum dependent propagators of the quarks and mesons, based on a small-momentum expansion, by including scale dependent wave function renormalizations Z k . To account for non-vanishing current quark masses, a source term −cσ in the meson sector explicitly breaks chiral symmetry. It is directly related to finite current quark masses. As a consequence, pions are massive rather than Goldstone bosons and the chiral transition is a crossover.
To connect the the quark sector with the meson sector, we include scalar channel and vector channel Yukawa couplings h S,k and h V,k . In order to consistently account for the dynamical change of degrees of freedom from the quark-gluon phase to the hadronic phase, we use dynamical hadronization as it was put forward in [12] . We will elaborate on this in the next section. As we will demonstrate there, it is inevitable to use this formulation here, since the the elimination of the π−a 1 mixing results in manifestly scale dependent a 1 fields.
In summary, we use the following scale dependent effective action:
with the covariant derivative
, where 
We work in Landau gauge here, so ξ = 0. For more details on the gauge part of our truncation see Sec. III C. The first line of (1) contains the microscopic gauge fixed action of QCD. As mentioned above, we introduced a running quark wave function renormalization Z ψ,k to capture some non-trivial momentum dependence of the quark propagator. ∆ glue stands for the fluctuation-induced part of the full momentum dependence of ghost and gluon propagators as well as non-trivial ghost-gluon, three-gluon and four-gluon vertex corrections, for details see [31] [32] [33] and Sec. III C.
The four-quark interaction channels and the corresponding Yukawa interactions are in the second line of (1). The Yukawa sector arises from the bosonization of the quark sector. With dynamical hadronization as explained in the next section, these interactions will basically carry the quark self-interactions in the quark-gluon regime (see also (A17) and (A19)).
The third line of (1) contains the meson sector of our truncation. With the running wave function renormalizations Z S,k and Z V,k for the scalar and vector mesons respectively, we capture the major part of the momentum dependence of the full meson propagators [34] . Furthermore, as we explicitly demonstrate in Sec. IV C, the wave function renormalizations play a crucial role for the decoupling of the mesons at high energies. They are therefore indispensable for the identification of the physical meson masses.
The meson interactions are stored in U k (ϕ, V µ ), which reads
Since within this work our focus is on the qualitative physical picture of vector mesons in vacuum, we restrict U k to relevant and marginal interactions along the lines of [30] .
The effect of irrelevant operators, which are potentially nonnegligible if one is interested in quantitative precision [35] , is considered elsewhere. Note that U k is not an effective potential, since it also contains the term ∼ g 1,k with an explicit derivative of the scalar meson field.
We use an O(4) representation for the meson fields:
and the vacuum expectation value of the mesons is given by
We define the so(4) matrices
with i, j, k ∈ {1, 2, 3} and e T i = (δ 1i , δ 2i , δ 3i ). They obey the following commutation relations:
and therefore (2) L and SU(2) R . The mesons transform under these flavor rotations as
with U = e i α T +i β T b , where α and β are arbitrary vectors. For more details on the meson sector of our truncation, we refer to [30] .
With this definitions the scalar-vector and vector-vector meson interactions in (3) can be written as follows:
As it is evident from (3) and mentioned in the introduction, we do not assume VMD. This gauge principle would lead to to the following relations between the different couplings of our truncation:
By inspection of the renormalization group flow of these couplings, we will show that VMD would lead to an oversimplification of the dynamics of the system. Nonetheless, VMD turns out to be a good approximation at low energies, see Sec IV D.
In the present setup, the masses of the quarks and the mesons are given by
We see that the π and the σ meson as well as the ρ and a 1 meson have degenerate masses in the chirally symmetric phase which is characterized by σ 0,k = 0. When chiral symmetry is broken, this degeneracy is lifted. The masssplitting of the scalar mesons is then determined by the quartic scalar meson coupling λ 4,k . The mass-splitting of the vector mesons is determined by the strength of the interaction g 2,k . Note that, owing to the symmetry breaking source c > 0, we are not in the chiral limit. Thus, the chiral order parameter σ 0,k is always nonzero.
Even though the masses we extract here are the curvature masses, it was shown in [34] on the example of the pion mass in a quark meson model, that the curvature mass of the mesons is almost identical to the pole mass for truncations that include running wave function renormalizations. Thus, as mentioned above, we capture the major part of the momentum dependence of the full meson propagators by including Z S,k and Z V,k and the masses are very close to the physical masses.
We note that even though the action contains massive vector bosons, it is not necessary to use the Stueckelberg formalism to ensure renormalizability [36] . UV regularity is always guaranteed for the functional renormalization group, as long as the scale derivative of the regulator decays fast enough for momenta much larger than the cutoff scale.
III. FLUCTUATIONS AND THE TRANSITION FROM QUARKS TO MESONS
In this work we are interested in the dynamical transition from UV to IR degrees of freedom. To achieve this, we include quantum fluctuations by means of the functional renormalization group. For QCD related reviews see [13] [14] [15] [16] [17] [18] [19] [20] [21] . Furthermore, in order to consistently describe the dynamical change of degrees of freedom, we use dynamical hadronization [12, 15, [23] [24] [25] . This allows for a unified description of the interplay between different degrees of freedom at different scales in terms of a single effective action.
A. Functional renormalization group and dynamical hadronization in the presence of vector mesons
Here, we follow the discussion given in [12] . In addition, since this work constitutes the first FRG study of vector mesons in QCD, we will discuss the implication for the flow equations and dynamical hadronization in this case.
The starting point of the functional renormalization group is the scale-dependent effective action Γ Λ at a UV-cutoff scale Λ. In the case of first-principle QCD, Λ is a large, perturbative energy scale and correspondingly Γ Λ is the microscopic QCD action with the strong coupling constant and the current quark masses as the only free parameters. Quantum fluctuations are successively included by integrating out momentum shells down to the RG-scale k. This yields the scale-dependent effective action Γ k , which includes fluctuations from momentum modes with momenta larger than k. By lowering k we resolve the macroscopic properties of the system and eventually arrive at the full quantum effective action Γ = Γ k=0 . The RG-evolution of the scale-dependent effective action is given by the Wetterich equation [37] .
As we have discussed above, a formulation of the effective action in terms of local composite fields is more efficient in the hadronic phase of QCD. In order to dynamically connect this regime with the ultraviolet regime of QCD, where quarks and gluons are the dynamical fields, we use dynamical hadronization as it was put forward in [12] . This implies that the meson fields in (1) are RG-scale dependent. This yields a modified Wetterich equation, which reads with Φ = (A, q,q, c,c, π, σ, ρ, a 1 ) in a shorthand notation:
where φ = (π, σ, ρ, a 1 ) summarizes the meson fields. ∂ t is the total derivative with respect to the RG-time t = ln(k/Λ) and the traces sum over discrete and continuous indices of the fields, including momenta and species of fields. This also includes the characteristic minus sign and a factor of 2 for fermions. Γ Even though the masses we extract here are the curvature masses, it was shown in [36] on the example of the pion mass in a quark meson model, that the curvature mass of the mesons is almost identical to the pole mass for truncations that include running wave function renormalizations. Thus, with the truncation we use here, we capture the major part of the momentum dependence of the full meson propagators and the masses are very close to the physical masses.
We note that even though the action contains massive vector bosons, it is not necessary to use the Stueckelberg formalism to ensure renormalizability [35] . UV regularity is always guaranteed for the functional renormalization group, as long as the scale derivative of the regulator decays fast enough for momenta much larger than the cutoff scale.
III. FLUCTUATIONS AND THE TRANSITION FROM QUARKS TO MESONS
A. Functional renormalization group and dynamical hadronization in the presence of vector mesons
The starting point of the functional renormalization group plies that the meson fields in (1) are RG-scale dependent. This yields a modified Wetterich equation, which reads with = (A, q,q, c,c, ⇡, , ⇢, a 1 ) in a shorthand notation:
where = (⇡, , ⇢, a 1 ) summarizes the meson fields. @ t is the total derivative with respect to the RG-time t = ln(k/⇤) and the traces sum over discrete and continuous indices of the fields, including momenta and species of fields. This also includes the characteristic minus sign and a factor of 2 for fermions.
[ ] denotes the second functional derivative of the effective action with respect to all combinations of the fields. R k is the regulator function for the field . It is diagonal in field space. Note that in order not to break chiral symmetry explicitly by our regularization scheme, we introduced the same regulators for the scalar mesons and the vector mesons respectively. For details we refer to App. A. The flow equation can be written schematically as (11)
Here, the first three diagrams represent the gluon (11), one gets a closed set of fully coupled RG-flow equations for the scaledependent parameters of the truncation.
δΓ k δφ i · ∂ t φ i stands for the modifications of the flow equation due to dynamical hadronization. The general idea is to store four-quark interactions entirely in the meson sector at every scale k, i.e. we perform a bosonization at every scale [15, [23] [24] [25] . The hadronization fields φ, which carry the quantum numbers of the mesons, become scale dependent and can be viewed as hybrid fields: while they encode the quark dynamics at large energies, they behave as mesons at low energies. This way, a dynamical connection between these two distinct sectors is established and the transition scale is an emergent scale which is fixed by the fluctuations of fundamental QCD. This is in contrast to conventional bosonization by means of a Hubbard-Stratonovich transformation, where four-quark interactions are stored in the meson sector at a fixed scale and therefore four quarkinteractions are neglected/mis-counted at other scales [17] .
The gauge sector as well as the quarks are not affected by the hadronization. The scale dependence of the mesons is given by their flow ∂ t φ i , which reads for the individual mesons
Note that the structure of the mesons as quark-antiquark bilinears becomes apparent in this formulation.Ȧ k anḋ B k are the hadronization functions. Their precise form is not determined a priori. In accordance with the discussion above, we fix them such that the fermionic self-interactions that drive chiral symmetry breaking and reflect the meson content of our theory are stored in the meson sector. Thus, the the four-quark interactions are completely absorbed into the meson sector, enforcing
Note that this formulation eliminates all double-and/or mis-counting problems, which potentially occur in models including both quark and hadron degrees of freedom [12] . (14) yields the following hadronization functions:
where ∂ t φ denotes the scale derivative with fixed hadronization fields. These hadronization functions give rise to modified running couplings of (1). They are given in App. A.
In addition to the quark-bilinear term with the quantum numbers of the corresponding meson in (13) , the flow of the a 1 -meson has an additional contribution proportional to ∂ µ π. This term arises because the so-called π−a 1 mixing leads to an additional scale dependence of the a 1 meson, which has to be taken into account and fixesĊ k . We will elaborate on this point in the next section.
B. π−a 1 mixing
Spontaneous chiral symmetry breaking leads to a nonvanishing vacuum expectation value σ 0 of the σ meson and the resulting mixing term
. This is referred to as π−a 1 mixing. Here, we will eliminate this mixing by a redefinition of the a 1 field,
This redefinition of the a 1 field renders it explicitly RG-scale dependent, ∂ t a µ 1 = 0. Before we discuss the implications of this scale dependence, we turn toward the resulting modifications of the effective action (1). If we plug (17) into the truncation (1), the part of the action leading to the mixing term (16) is canceled and various new terms appear. Since the replacement (17) introduces terms ∼ ∂ µ π, the interactions of our original ansatz (1) receive modifications with explicit momentum dependence. Within this work, we define all running coupling at vanishing external momentum, see App. A. Thus, for interactions that are not explicitly momentum dependent in our original action, these modifications simply drop out of the beta functions. Only the meson anomalous dimension Z S,k and the scalar-scalar vector interaction g 1,k receive non-vanishing modifications. The new term ∼ (∂ µ π) 2 yields for the pion wave function renormalization
While the wave function renormalizations do not enter RGinvariant beta functions, their the anomalous dimension
Thus, (18) yields a modified pion anomalous dimension. The other relevant modification affects the ρππ vertex, which now reads
Since we define the coupling g 1,k via this vertex, this has to be taken into account in the corresponding beta function, see App. A.
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The elimination of the π − a 1 mixing entails a shift of the a 1 field which includes running couplings. As a consequence, the a 1 field becomes RG-scale dependent itself. As we have discussed in the previous section, we use the dynamical hadronization technique which implies that all meson fields are scale dependent. The scale dependence of a 1 induced by (17) is additional to the one induced by dynamical hadronization. The total scale dependence of a 1 is now given by the RG flow
The first term stems from dynamical hadronization and reflects the quark-bilinear nature of the a 1 meson. The hadronization functionḂ k is given in Eq. (15) . The second term is a result of the diagonalization of the meson twopoint function and according to (17)Ċ k is given bẏ
In summary, chiral symmetry breaking leads to an offdiagonal meson two-point function. Diagonalization leads to modifications of the pion anomalous dimension and the ρππ interaction and introduces an additional scale dependence to the a 1 meson.
C. Gauge sector
Here, we briefly discuss the gauge sector of our truncation (1). We follow the approach to dynamical QCD which was put forward in [12] and refer to this work for further details.
The gauge couplings induced by three-point functions play a dominant role in the description of interactions. Most importantly, effective four-quark interactions are generated by strong quark-gluon interactions during the RG flow in the quark-gluon regime. As discussed above, these four-quark interactions drive the chiral phase transition and the formation of mesons in the corresponding quark-antiquark scattering channels. We therefore solve the full flow equations for all three-point functions in QCD, i.e. the quark-gluon vertex gq Aq,k , the three-gluon vertex g A 3 ,k and the ghost gluon vertex gc Ac,k .
In order to keep the description as simple as possible, despite the rather large number of running couplings we consider here, we restrict our analysis to vanishing external momentum in the n-point functions. Together with an appropriate choice of the regulator function R k , this yields analytical flow equations, see App. A. Furthermore, only the classical tensor structures are taken into account in the gauge sector. It has been shown in [26] for quenched QCD, that both non-trivial momentum dependencies and non-classical tensor structures in the gauge sector lead to important quantitative corrections resulting in larger gauge couplings in favor of stronger chiral symmetry breaking. To phenomenologically account for these effects, we introduce an IR-strength function ς(k) which smoothly increases the gauge couplings by a factor ∼ 1.17 in the non-perturbative regime at scales k < 2 GeV, while it leaves the gauge couplings unchanged in the perturbative regime. For more details we refer to [12] .
We also include four-gluon interactions via the four gluon vertex g A 4 ,k . For the sake of simplicity, we choose a semiperturbative ansatz that ensures the correct perturbative running and set
This approximation is valid for semi-perturbative scales and larger, k 1.5 GeV. At smaller scales, non-perturbative effects potentially lead to a different running.
In summary, we consider the following vertices in the gauge sector:
The classical tensor structures S (n) Φ 1 ...Φ n are obtained from the gauge fixed classical QCD action Γ Λ by
where we have omitted indices for clarity. The definitions of the flow equations of the gauge couplings can be found in App. A. The different running gauge couplings follow the perturbative running for scales k 4 GeV, while nonperturbative effects lead to a different running at smaller scales. Fig. 1 shows our results for the running gauge couplings.
For the gluon and ghost propagators we use the two-point functions
computed in [38, 39] for pure YM theory as input, and include matter back-reactions in order to describe unquenched QCD [12] . We make use of the fact that within our construction the propagators enter the flow equation only via the corresponding anomalous dimensions
where we only consider external momenta p = k and define
. The anomalous dimensions of YM are functions of the YM gauge couplings. Thus, in our case, where we identified the four-gluon running coupling with the three-gluon running coupling, we have
The gluon anomalous dimensions η A,k of full QCD consists of a pure gauge part η glue,k and the vacuum polarization ∆η A,k induced by quark fluctuations,
We include the full vacuum polarization at vanishing external momentum. For details see App. A. For the pure glue contribution of dynamical QCD we make use of (27): Since we know that the anomalous dimensions can be expressed as functions of the gauge couplings, we replace the the pure YM gauge couplings in (27) by those of dynamical QCD,
In practice, we use the approximation g
, which is valid down to the semi-perturbative regime, and parametrize η (27) and insert the corresponding QCD coupling. This yields our final expression for the gluon anomalous dimension of QCD:
We proceed analogously for the ghost anomalous dimension. There, no direct quark corrections arise in QCD and we only need to adapt the input anomalous dimension from YM to QCD. As it turns out, η Y M c,k is very well described by a function linear in g 2 k . We therefore find for the ghost anomalous dimension of dynamical QCD: 
IV. RESULTS

A. Initial Conditions
We initiate the RG flow of the effective action (1) at the initial scale Λ = 20 GeV and therefore deep in the perturbatively accessible quark-gluon regime. Hadronic degrees of freedom will become relevant at much lower, nonperturbative scales. Owing to the dynamical hadronization procedure, the RG flows of our model are completely fixed by specifying the free parameters of the microscopic gauge fixed action of QCD, i.e. the strong coupling and the current quark mass. Even though we choose a priori different flow equations for the strong couplings αq Aq , α A 3 , αc Ac , the gauge principle enforces them to be identical in the perturbative regime. The initial value of the strong couplings implicitly sets the scale, and we choose α i,Λ = 0.163 for i =qAq, A 3 ,cAc, which corresponds to Λ ≈ 20 GeV. Indeed, Fig. 1 shows, that the gauge couplings are all identical and follow the perturbative 1-loop running down to k ≈ 4 GeV, where non-perturbative effects start to induce differences between these couplings.
The current quark mass m UV q is related to the explicit symmetry breaking parameter c in (3) via
We choose for the renormalized parameterc Λ = 3.9 GeV 3 , which yields an pion mass in the IR of M π,0 = 137.5 MeV.
We note that the physical parameters are rescaled with appropriate powers on the wave function renormalizations to ensure RG invariance, see App. A and in particular (A3). The physical (or renormalized) quark and meson masses are defined as With slight abuse of terminology, we refer to m k as bare mass. They are given in (10) .
The initial conditions of the mesonic parameters can be chosen arbitrarily. In the regime of weak gauge coupling, the flows of these couplings are governed by an infraredattractive fixed point [24] . Thus, as long as the initial scale is large enough, we find unique solutions for the meson parameters at low energies. This is given as long as the initial meson masses are chosen larger than the UV-cutoff scale, M φ,Λ Λ. That way, the mesons do not contribute to the dynamics of the system at high energies. Furthermore, to ensure that our initial conditions correspond to QCD, the ratio h . It corresponds to the four-quark coupling λ S/V,Λ at the initial scale. A large initial value of the four-quark coupling would describe a gauged Nambu-Jona-Lasinio model with strong coupling, rather than QCD.
The independence of the IR-physics on the initial values of the meson sector is demonstrated in Fig. 2 and Fig. 7 . There, we have chosen initial values at different initial scales (10 and 20 GeV) that differ by many orders of magnitude and one nicely sees that the initially different trajectories are attracted towards a unique solution in the hadronic regime.
B. Masses
In Fig. 3 we show our results for the quark and meson masses. The left figure shows the masses over the full range of scales we consider here, while the right figure shows the region for k < 600 MeV. For scales k 400 MeV all mesons are decoupled from the flow. At these scales the dynamics are driven completely by current quarks and gluons. At about 400 MeV, the degeneracy of the π and σ masses as well as the ρ and a 1 masses is lifted due to chiral symmetry breaking. π, σ and the constituent quarks are the dynamical degrees of freedom in this region. The vector mesons are always decoupled. Thus, the vacuum structure of the vector mesons is determined by quark and gluon fluctuations at large scales and the fluctuations of the lightest mesons, the π and σ, at lower scales. This is also shown in Fig. 4 , where the effective propagators also reflect this scale hierarchy. They are defined in App. A and in particular (A9) and are a measure for the strength of the fluctuations of the fields. Vanishing of the effective propagator of a field implies that this field does not contribute to the dynamics of the system. Thus, we see that at large energy scales the quarks are the only dynamical matter fields. There is only a relatively small window, 100 MeV < k < 500 MeV, where the scalar mesons are dynamical and one nicely sees that the sigma mesons decouples earlier that the lighter pions. Vector meson fluctuations are always negligible.
Indeed, an explicit calculation of a complete set of fourquark interactions in Euclidean spacetime shows that the scalar-pseudoscalar channel is the dominant channel [26] . This implies that the only relevant meson degrees of freedom in vacuum are π and σ. We note that this picture will change in Minkowski space, since different channels will become relevant as soon as the momentum is close to the corresponding mass pole.
The behavior of the masses as function of the RG scale k reflects their scaling with temperature T . In particular, the running of the masses at vanishing temperature is qualitatively very similar to the temperature dependence at k = 0. In Fig. 3 we see that the ρ mass is almost constant in the hadronic phase and only grows slowly close to the pseudocritical scale. This in line with the in-medium behavior of the ρ mass observed within effective field theory studies, which reproduce the data on vector meson spectral functions and dilepton spectra very well [6] . For a sensible comparison, however, we also need to compute the in-medium modifications of the masses within our QCD-based approach.
Our predicted masses for the vector mesons show a quite large discrepancy from the observed masses. We find for the renormalized ρ mass M ρ,0 = 990 MeV, which is about 29% larger than the observed mass of 770 MeV [40] . For the a 1 mass we find M a 1 = 1077 MeV, which is about 15% smaller than the observed mass of 1260 MeV. The value of the ρ mass is fixed mainly by the fluctuations in the quark-gluon sector. This can be seen from the definition of the masses, (10), the observation thatm V,k runs only very little in the hadronic regime and thatḡ 3,k is very small (see Fig. 7) . Thus, the strength of the four-quark interaction λ V,k , which is determined by the strong coupling, essentially fixes the ρ mass. Furthermore, according to (10) , the mass-splitting of ρ and a 1 and therefore the mass of a 1 is determined by the flow of the hadronic sector at low energies. We note that the situation is different for π and σ: the mass of the pion is fixed by its nature as a (pseudo) Goldstone boson and the strength of explicit symmetry breaking in terms of a finite current quark mass. In any case, the mass-splitting of chiral partners in the phase with broken chiral symmetry is sensitive to the quality of our truncation in the hadronic sec- 
, see (10) and (33) . Note that we normalized the wave function renormalizations to be 1 in the IR at k =20 MeV here.
tor. Thus, the small mass of a 1 is a signal for a shortcoming of our truncation there and may be related to momentum dependencies that were taken into account insufficiently. The large value for the ρ mass can also be attributed to the insufficient inclusion of momentum dependence, but in the quark-gluon sector and in particular in the four-fermi interaction λ V,k . We evaluate this interaction at vanishing external momentum, see App. A, and it is possible that we underestimate its strength this way. A larger λ V,k leads to smaller vector meson masses. Since the present work is the first study in this direction, aimed at capturing the qualitative features, we defer a thorough quantitative analysis to future work.
C. Decoupling of the Mesons
Mesons are not present in the quark-gluon plasma. In a formulation of the dynamics of QCD on a very wide range of scales in terms of one scale dependent effective action, as in the present work, however, hadronic parameters are necessarily a part of the action also at very large scales. As we have demonstrated here, the meson masses are much larger than the cutoff scale in the quark-gluon regime and therefore the mesons are completely decoupled in this phase. We want to emphasize that this physically desirable picture is achieved with dynamical hadronization. The decoupling of the mesons is triggered by a rapid fall-off of the meson wave function renormalizations Z S/V,k at the pseudocritical scale. Their running is shown in Fig. 5 . While they stay almost constant in the hadronic regime, they rapidly fall-off at about 400 MeV. The scalar meson wave function renormalization Z S,k drops about eight orders of magnitude and that of the vector mesons, Z V,k , about seven orders of magnitude towards the UV. The fastest drop-off is in the vicinity of the pseudocritical scale k χ ≈ 400 MeV. The reason is that quark fluctuations decrease the meson wave function renormalizations in the quark-gluon regime. Their flows are proportional to the corresponding squared Yukawa couplings,
Z S/V,k , at scales k k χ , resulting in large negative beta functions, see Fig. 2 . Since the wave function renormalizations are the coefficients of the kinetic terms in the effective action (1), their vanishing implies that the mesons become auxiliary fields and are therefore not part of the physical spectrum at large energy scales. This is reflected in the behavior of the bare masses, i.e. the masses without rescaling with the wave function renormalizations, m (33) , shown in Fig. 6 . The bare masses would not decouple in the quark-gluon regime: while they do not differ from the renormalized masses (Fig. 3) in the hadronic regime where the wave function renormalizations are almost constant and of order one, they are constant in the quark-gluon regime. Thus, at large scales the bare meson masses are always much smaller than the the cutoff scale. Without the rapid fall-off of the meson wave function renormalizations, the mesons show no decoupling, resulting in an unphysical high-energy phase. Note that the constant bare masses imply in particular that the running of the physical masses is exclusively driven by the anomalous dimensions of the corresponding mesons at large energy scales.
Since the wave function renormalizations only enter the set of flow equations through the corresponding anomalous dimensions, the flow equations for the wave function renormalizations do not need to be integrated for the solution of the system and all results are independent of the initial values Z Λ . For illustration purposes, we have chosen the initial conditions such that Z S/V,0 = 1.
D. Vector Meson Dominance
The principle of vector meson dominance (VMD) entails that the SU(N f ) A × SU(N f ) V flavor symmetry is treated as a gauge symmetry. In this case, the vector and axialvector mesons appear as gauge bosons of the scalar and pseudoscalar mesons. This simplifies the effective action in the hadronic sector, since the gauge principle significantly restricts the number of possible different interactions and there is only one running coupling for interactions involving vector mesons. Here, we do not apply VMD. As a consequence, we have a priori different running couplings g 1−5,k , while VMD implies
As we have discussed above, the advantage of our approach is that the hadronic parameters are uniquely determined by the dynamics in the quark-gluon phase, i.e. microscopic QCD. Thus, even though we have a large parameter space in the meson sector, model parameter tuning is not necessary. This allows us to study the validity of VMD in an unbiased way by comparing our results to (34) . In Fig. 7 we show our results for the running ofḡ 1−5,k . Or results show that, while VMD does not hold exactly, it is a good approximation. In particular the couplings g 2,k ,ḡ 4,k andḡ 5,k are very close together. Onlyḡ 1,k is considerably larger than the other couplings. If we define the error one would make by assuming VMD by the standard deviation of these couplings in the IR, we find it to be about 16% of the mean average of these couplings. g 3,k , which is explicitly forbidden for local chiral symmetry, is well approximated by VMD. It is very close to g 3,k = 0 at the pseudocritical scale and assumes only a small finite value at lower scales. The flow of g 3,k is proportional to the chiral order parameter σ 0,k . Thus, with large positive anomalous dimensions, the renormalized couplingḡ 3,k is driven to values very close to zero at large energy scales. The construction of our effective action is based on a small momentum expansion (derivative expansion) and we define all running coupling at vanishing external momentum, see App. A. The momentum scale of our results is therefore given by k. Thus, our findings in the hadronic regime correspond to small momentum scales k ≤ 400 MeV. A comparison of effective field theory predictions assuming VMD with experimental results for the electromagnetic form factor of the pion show that they agree within 10-20% accuracy at momentum transfer q 2 1 GeV 2 [29] . Thus, our results for the validity of VMD are in very good agreement with phenomenological findings.
We note again that the thick and thin lines in Fig. 7 correspond to very different initial conditions for the flow of the couplings. The flows in the hadronic phase as well as the final value of the couplings in the IR are prediction of our analysis without any model parameter fixing.
V. CONCLUSIONS AND OUTLOOK
A thorough understanding of the dynamics of vector mesons in QCD is essential for our understanding of the phase structure of strongly interacting matter. Since these low-energy degrees of freedom ultimately derive from microscopic QCD, the dynamical connection between the highand low-energy sector of QCD needs to be captured. To this end, we have presented the first functional renormalization group study of vector mesons in QCD. Our focus was on how the dynamics of the lightest meson chiral partners, π, σ and ρ, a 1 , emerge from the dynamics of quarks and gluons. We have developed a scale dependent effective action that captures the dynamical transition from the quark-gluon regime to the hadronic regime, including vector mesons, in a qualitative manner. The key ingredient is the dynamical hadronization technique, which allows for a consistent description of the transition from high-energy to low-energy degrees of freedom. This entails in particular that the properties of the hadronic regime are fixed by the quark-gluon fluctuations at high energies. Thus, no fine-tuning of model parameters is necessary and e.g. the meson masses and the running of the mesonic parameters can be viewed as predictions from first-principle QCD.
We have demonstrated explicitly that, within this Euclidean formulation, there is an intriguing scale hierarchy emerging, where the hadronic contributions to the dynamics of the heavier mesons are determined solely by the fluctuations of π and σ.
The masses of ρ and a 1 are almost constant and only slightly grow towards the pseudocritical scale. Since the behavior of the masses as a function of the RG-scale reflects their finite temperature behavior, this gives a hint for the in-medium scaling of these masses. Our predictions are in agreement with the findings of phenomenologically motivated effective models.
We have emphasized the important role that the meson wave function renormalizations play for the decoupling of the meson degrees of freedom at high energies. They fall-off many orders of magnitude in the vicinity of the pseudocritical scale. This triggers a rapid growth of the renormalized meson masses and the mesons become auxiliary fields in the quark-gluon phase.
Since the properties of the mesonic parameters in our model are fixed by the QCD flow, we have been able to make an unbiased analysis of the validity of vector-meson dominance. Our results show that while VMD does not hold exactly, it is a good approximation within an accuracy of about 16% at small momentum scales. This is in agreement with phenomenological findings.
In this study we focused on qualitative features and given the lack of quantitative precision, in particular for the masssplitting of the mesons in the chirally broken phase, there is a lot of room for improvement and refinement. In particular the extension of our truncation in the hadronic sector and a thorough analysis of momentum dependencies are important next steps.
This work serves as a starting point for the study of the in-medium modifications of the vector mesons and their spectral functions within functional renormalization group methods for QCD.
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Appendix A: Running couplings
In this section we provide some details about the RG flow equations of the running couplings of our truncation (1) together with the modifications that result from dynamical hadronization (13) . Due to excessive length of the explicit flow equation, we only present their definitions here. For the derivation of most of the equations we used an extension of DoFun [41] which utilizes Form [42] and FormLink [43] . This extension was developed and first used by the authors of [26] . With the truncation (1), the Wetterich equation (11) and the definitions given below, the flow equations of the couplings are uniquely specified.
Physical parameters are RG-invariant quantities. To achieve this, all fields are rescaled with their respective wave function renormalizations, Φ → Z Φ,k Φ, and all couplings are rescaled with appropriate powers of the wave function renormalizations accordingly, see below. This entails in particular, that the wave function renormalizations enter the flow equations only through the corresponding anomalous dimensions,
The physical, i.e. RG-invariant, parameters of the action are defined asξ
where
is one of the running couplings of our truncation (1) . n A , n q , n c , n φ , n V are the numbers of gluon, quark, ghost, scalar meson and vector meson fields respectively, that are attached to the coupling ξ k . The physical masses are given by (33) . Note that the definition of the gluonic vertices (23) implies that the gauge couplings are already RG-invariant. Thus, in that caseḡ k = g k and we omit the bars.
We use 4d regulator functions of the form
with the transversal projection operator
For the bosonic and fermionic regulator shape functions r B and r F we use the optimized shape functions [44] r B (x) = 1
The flow equations presented in the following are derived using these specific regulators. They have the advantage, that the loop-momentum integration can be performed analytically and, consequently, all beta functions can be given in analytical form. Furthermore, we work in Landau gauge, fix the Euclidean spacetime dimension to d = 4 and color and flavor are fixed to N c =3 and N f =2. First, we explain the effective propagators used in Sec. IV B and in particular Fig. 4 . The propagators in momentum space are of the form
for bosons and fermions respectively. For the specific choice of regulator shape functions (A6), they read
To be consistent with the low-momentum expansion our construction of the effective action is based on, we define all running couplings at vanishing external momentum. This entails that all integrands of the loop-momentum integrations are proportional to Θ(k 2 − q 2 ) which stems from the scale derivative of the regulator ∂ t R Φ k in the flow equation (11) . Thus, only the first term of the propagators in (A8) contributes in the final flow equations. We therefore define the effective propagators relevant for the flows of the physical quantities as
VanishingḠ Φ,k implies that the field Φ does not contribute to the dynamics of the system. We proceed with the definition of the flows of the gauge couplings. The explicit form of the flow equations is given in [12] . Here, we only present our definitions for completeness. As we have discussed in Sec. III C, we compute all threepoint functions of QCD, but restrict them to have only the classical tensor structure. We therefore define the flow of the quark-gluon vertex gq Aq as
where Φ 0 = (0, 0, 0, 0, 0, 0, σ 0,k , 0, 0) is the vacuum expectation value of the mean field Φ = (A, q,q, c,c, π, σ, ρ, a 1 ).
The trace runs over all external indices and includes a loopmomentum integration. The limit denotes that all external momenta are set to zero. We define the three-gluon vertex g A 3 ,k via the projection
Since as an approximation we evaluate all flow equations at vanishing external momentum, the ghost-gluon vertex gc Ac,k only has canonical running. The diagrams that contribute to the beta function are proportional to the external momentum and therefore vanish here and we are left with
Since we approximate the four-gluon vertex with the threegluon vertex, see (22), we do not need a separate equation for this coupling. Next, we discuss the flow of the four-quark couplings. Here, we consider two channels, the scalarpseudoscalar channel with coupling λ S,k and the iso-vectoriso-axialvector channel with coupling λ V,k . Some caution is advised when four-fermion interactions are included in the effective action. A specific quark-antiquark interaction channel can always be expressed as an linear combination of different interaction channels with two spinor fields interchanged. This can potentially lead to ambiguities in the corresponding bosonized models since different sets of composite states can be related to one and the same fermionic 13 action (see e.g. [20] ). This is known as the Fierz ambiguity. While this ambiguity can lead to large uncertainties in mean-field calculations, appropriate approximations that go beyond mean-field in RG studies can minimize these uncertainties [45] .
Indeed, as explicit calculations considering the RG flows of a Fierz-complete basis of four-quark interactions have shown [26] , the scalar-pseudoscalar (S−P) channel is the dominant channel in vacuum, while all other channels are strongly suppressed compared to this channel. Furthermore, the dynamical hadronization of only the (S−P) is sufficient to render all four-quark interaction channels finite at the chiral phase transition. Thus, the error we make from not using a Fierz-complete basis is expected to be small. We therefore restrict our model to contain only two physically relevant channels. In order to study the properties of the corresponding composite fields, we dynamically hadronize both channels here.
We define the running coupling of the scalar-pseudoscalar channel via the projection 
Here, α A,B,C,D is the spinor index of the respective quark field. The Kronecker deltas are summed over the remaining color and flavor indices. We note that these projections give the flow equations for scale-independent meson fields, i.e. without dynamical hadronization. Dynamical hadronization enforces (14) . Nevertheless, the flows of the four-quark interactions defined in (A13) and (A14) play a major role for the dynamics of the system and enter the hadronized flow equations in the meson sector via the hadronization functions (15) .
Following the discussion in [35] , we define the scalar Yukawa coupling h S,k via the quark-antiquark two-point function as:
Taking dynamical hadronization into account, the total flow of the renormalized scalar Yukawa coupling is
q,kȦ k andȦ k is given by (15) . According to (10) , the scalar channel Yukawa coupling defines the quark mass.
We define the vector Yukawa coupling h V,k via the ρqq three-point function as
where contractions over the remaining indices with Kronecker deltas is implied. Splitting the flow into the contributions with and without dynamical hadronization, we find
q,kḂ k andḂ k given by (15) . We want to emphasize that the modifications of the Yukawa couplings in (A17) and (A17) proportional toȦ k andḂ k are crucial for the dynamical hadronization procedure. They guarantee that the ratio h replaces the four-quark interactions λ S/V,k , which vanish due to dynamical hadronization, in the quark-gluon phase. This way, the modified Yukawa couplings capture the relevant quarkgluon dynamics at large energy scales, while they act as the usual Yukawa couplings in the hadronic regime.
Next, we discuss the mesonic couplings of our truncation. They are not modified by dynamical hadronization. We define the running of the chiral order parameter σ 0,k via the pion two-point function as
with the adjoint flavor indices i, j. The flow of the scalar four-point function ν k is defined as follows:
with the adjoint flavor indices i, j, k, l. The explicit symmetry breaking term c is a source term and therefore drops out of the flow equation. The RGinvariant couplingc k therefore only runs canonically,
The meson masses are defined as the momentum independent part of the corresponding two-point functions. For the scalar mesons, we need the flow of m S,k which is given by
We cannot define the flow of the vector meson mass parameter m V,k independently of other couplings, since we have to either project on the ρ or the a 1 mass, which gives contributions from other couplings in the chirally broken phase according to (10) . We choose to project on the ρ mass and find 
The flow ∂ t g 3,k is defined below in (A26). For the definition of the three-point function g 1,k we choose the ρππ vertex and find: 
As we have discussed in Sec. III B, the elimination of the π−a 1 mixing leads to two types of modifications of the ρππ vertex. The first stems from the modifications of the action due to the replacement (17) and leads to a modification of this vertex given by (19) . The first term in the third line of (A25) cancels the additional term in the flow to ensure that we compute the flow of g 1,k and not of (19) . The second modification stems from the scale dependence of a 1 that is introduced by (17) . This leads to the second term in the third line of (A25) which follows from (13) . We define the couplings g 2,k and g 3,k via the flow 
with the projection operator for g 2,k
